Highly precise positioning control is based on mechatronics. Nanotechnology, especially nanometer positioning technology with high-speed and robust positioning feedback control, is used in various technical fields including measuring systems, magnetic recording and the semiconductor industry. To date, various actuator systems have been proposed, but the structural models have working distance of either less than a millimeter or more than ten millimeters. A structural model with working distance of several millimeters has not been reported in the relevant literature. We propose an actuator structural design that would enable production of actuator systems with such working distances. This actuator has a voice coil motor and a new guide with an elastic support mechanism consisting of a special spring that is restricted to movement in only one direction. This ESM causes no lost motion, friction with motion, or mechanical play. The voice coil motor thrusts and displaces the elastic support mechanism linearly. Therefore, highly precise positioning control can be realized using a simple controller. This paper describes evaluation of the positioning control method from the displacement of ESM and presents basic data for development of future nano-actuator systems.
Introduction
Experience with nanotechnology has expanded rapidly. Nanometer positioning technology will high speed is increasingly required in fields of magnetic recording, biotechnology, semiconductor industry, and others. Such devices are used in widely various industrial fields (1) - (4) , although only certain models main structures for work of less than a millimeter have or over ten millimeters have been propose (5) - (9) . Such models for several millimeters have not been designed yet. Therefore, we proposed a new structure design of actuator made for several millimeters of working distance. The new actuator consists of a voice coil motor and an elating guide, which is a spring that is restricted to one-way action. The actuator would become an epoch-making design for a highly precise positioning under several millimeters (10) .
In this study, we propose a new type of actuator and present a case study of our experiments. First, we introduce an actuator using an elastic support mechanism (ESM) with a voice coil motor (VCM). Second, we explain our experimental conditions. Third, we investigate the control design for the block spring motor. Fourth, we measure the position control and evaluate the system. Finally, we discuss how the actuator uses the elastic support mechanism and conclude this paper.
Elastic Support Mechanism with Voice Coil Motor

Elastic Support Mechanism
The ESM is presented in Figure 1 . The spring part of the Block Spring Motor is made of titanium alloy (Ti-6AL-4V) with 828 MPa proof stress, 895 MPa tensile strength, and 4.43 specific gravity. Because titanium alloy is both hard and light, we used it for this study. This is the actuator's support component.
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Fig. 1 Structure of the Elastic Support Mechanism
The support spring is a square block that consisting of two pillars. In the right and left sides of the pillar 12 mutually alternating machined 0.15-mm-wide slits formed by electrical discharge machining. The slits are at 0.5 mm pitch to each other. Although the spring structure can deform in a linear direction, the designed spring structure restricts the spring from moving in the other directions. The spring part deformation was analyzed and estimated using Finite Element Method (FEM).
FEM Analysis of Elastic Support Mechanism
We estimate the spring constant of ESM. We used a fiber-optic displacement sensor. The value is 12.25 kN/m. We also calculated the spring constant of the ESM as 13.59 kN/m using FEM. Comparing the result of FEM and the result of the spring constant measurement, the result of FEM will be 1.1 times that of the measurement. Figure 3 shows the ESM frequency mode of FEM analysis. The first mode is 55 Hz, the second mode is 82 Hz, the third mode is 171 Hz and the fourth mode is 247 Hz. The third mode includes extension and reduction of ESM. 
Block Spring Motor (BSM)
The cylinder type linear VCM was designed using permeance calculation. Figure 4 shows that the actuator comprises a cylindrical magnet, a ring coil, a pole piece, a back yoke plate, and a cylinder yoke. The magnets are made of Nd-Fe-B (HS-55AH; Hitachi Metals Ltd.); the yoke is made of pure iron (ME1F). The moving coil is 158 turns. The coil resistance is 2.6 Ω. The coil frame is made of TPA60 (Ti-6Al-4V). The output thrust of the VCM using the ESM was measured using a force gauge (FGC-2; Shimpo Instruments) as a function of the input DC current. The thrust changes linearly as depicted in Figure 6 when increasing the input current. The thrust constant is 1.04 N/A. The output relative displacement of the VCM using the ESM was measured using an optical displacement sensor of the input DC current. Figure 7 shows that the relative displacement changed linearly when increasing the load of the thrust. 
Experimental Subject Condition
The main objective of the experiment is to measure the force control. The systems used for evaluating the position control performance are a fiber-optical displacement sensor (MTI-2000, MTI Instrument Inc.) and the VCM using the ESM. The sensor's modular design has the flexibility to be tailored to specific requirements using widely various interchangeable optic probes. It sets new performance standards with resolution to 0.01 μm and frequency response from direct-coupled to 150 kHz. The probe modules contain two sets of optical fibers. Light-transmitting fibers and light-receiving fibers are bundled together in three configurations (random, hemispherical and concentric transmit inside). Displacement measurement is based on the interaction between the field of illumination of the transmitting fibers and the field of view of the receiving fibers. The 0-10V analog real-time output is compatible with most signal conditioning equipment.
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Control Design for Block Spring Motor
A block diagram of a position feedback control for the Block Spring Motor using a Digital Signal Processor (DSP) was designed. The closed-loop control system uses the obtained force deviation by comparing the output value with the desired input value to control the system. The DSP transmits a signal. That signal is then coupled to the VCM driver, which is then fed to the VCM with the ESM. The route from the force sensor point, where the output value is measured to the controller, where any deviation is added to a manipulated variable target, is called a feedback controller.
When a swept sine wave was input from D, the transfer function P(s) shown in a solid line was measured from B to C using an FFT analyzer (HP 35670A) (11) - (13) as presented in Figure 11 ; we built the Block Spring Motor system model shown in a broken line using MATLAB for a controller design. This controller is an incomplete derivative PID controller (13) . It is shown in Eqs. (2) .
The controller is designed as a continuous time system, it is a discrete system for sampling frequency 50 kHz to use the DSP. The parameters of the PID controller are shown in Table  2 . 
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Results and Discussion
The PID controller was designed for position control of the Block Spring Motor. Its control efficiency is estimated the cross over frequency, gain margin, and phase margin from open-loop characteristics of the Block Spring Motor. Figure 11 portrays a Bode diagram of the open-loop transfer function. When a swept sine wave was input from D, the transfer function P(s) was measured from A to B using an FFT analyzer. The blue line in the figure shows the measured value; the red line shows the simulation using the PID controller. The gain margin (Gm=15.1 dB) and phase margin (Pm=65.1 deg) were set for the simulation. The control system was stable. This simulation value coincided with the experimental result. Fig.11 Bode diagram of open-loop transfer function Figure 12 shows the Bode diagram of the closed-loop transfer function. When a swept sine wave was input from D, the transfer function P(s) was measured from r(s) to C using an FFT analyzer.
The simulation value had a bandwidth of 895 Hz. This simulation value coincided with the experimental result. However, it had a peak resonance of 1.5 kHz Fig.12 Bode diagram of the closed-loop transfer function Figure 13 and Figure 14 show the step response of 100 nm. The blue dotted line is the reference signal, and the red solid line is the experimental output value. The ordinate shows the displacement, and the abscissa shows the time. These were used to estimate the transient response of this system. When a step response using a function generator was input from the r(s) point, the analog signal from the charge amplifier in the force sensor was measured using an oscilloscope. The oscilloscope indicated an average measured value of 2048 points.
We used this to remove the white noise created by the analog signal from the charge amplifier in the displacement sensor. The experimental value follows the reference signal without overshooting and without steady-state error at either the rise time or the falling time. The rise time was 0.38 ms, the setting time was 1.14 ms, and the overshoot was 5nm.
Figure15 and 16 show the step response of 10 nm. The blue dotted line shows the reference signal; the red solid line shows the experimental output value. The step response of 10 nm is limited by the resolution of the displacement sensor and A/D converter. The white noise of analog output voltage is more than the displacement signal, and the experimental value follows the reference signal without steady-state error at either the rise time or the falling time, but the rise time characteristic was not estimated. Fig. 13 Step response of 100 nm extension of displacement Fig. 14 Step response of 100 nm reduction of displacement Fig. 15 Step response of 10 nm extension of displacement
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Conclusion
In this study, we proposed a new type of actuator system using a VCM with an ESM and also described a case study of our position control experiments. The results obtained in this study are as follows:
1. We ascertained that the displacement of the voice coil motor using the Elastic Spring Mechanism was 0.4 mm.
2. We analyzed the results of the FEM to calculate the spring constant of the ESM. 3. The VCM combined with the ESM had a high accuracy position control in the experimental results. The experimental results show that the actuator can have highly accurate position control. In the future, we will be able to manufacture highly accurate position and force control devices and use them for practical products.
